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ABSTRACT 

Unique instrumentation was applied to measure changes in coal particle size and 
temperature during the early stages of heating and devolatilization. The system 
incorporated an electrodynamic balance and a pulsed radiation source with a high- 
speed photodiode array and single wavelength radiation pyrometer. Single coal and 
carbon particles were pulse heated to simulate the rapid heating rates experienced 
in high intensity combustion environments (10’ K/s) . 
for 135 p diameter carbon spheres were in excellent agreement with theoretical 
predictions of the temperature response of radiatively heated spheres using heat 
capacity and thermal conductivity property correlations commonly applied in modeling 
coal devolatilization and combustion. Measured temperature histories of 115 p 
coal particles, however, greatly exceeded (on the order of 50 percent) theoretical 
predictions of the temperature response using the same assumptions and property 
correlations. Potential causes for the high heating rates observed include 
uncertainty in assigning thermodynamic and heatl transfer properties as well as 
failure to account for particle shape factors. 
analyses employing spherical particle assumptions and comonly used coal property 
correlations can lead to significant underestimation of temperature histories and 
corresponding errors in associated devolatilization rates. 

Measured temperature histories 

It is concluded that heat transfer 

INTRODUCTION 

The large discrepancies in observed temperature sensitivities for coal 
devolatilization are well documented.’.’ with variatinnr i n  r n y - t a , !  r:!? ~ ? r r t z n t r  
at a given temperature of several orders of magnitude being cormnon. These 
variations can in large‘part be attributed to the experimental techniques used to 
study rapid devolatilization because estimation and/or measurement of coal particle 
temperatures in these systems is difficult. Recent attempts to overcome these 
limitations have concentrated on in-situ temperature measurement or careful 
characterization of heat transfer fields. For example, Solomon and coworkers”‘ 
developed and applied an FTIR emission/transmission technique to measure average 
temperatures for clouds of devolatilizing coal particles in an entrained flow 
reactor. Fletcher’,‘ recently reported using a two-color particle sizing pyrometer 
to characterize the temperature history of single devolatilizing particles in an 
entrained flow reactor. 
of the temperature rise in a screen heater system which was then applied to study 
rapid devolatilization. 
devolatilization rates may be significantly faster and have a stronger temperature 
sensitivity than implied from many previous studies. The importance of accurate 
temperature measurements in future devolatilization studies is clear. 

In the present paper a novel system is described for monitoring rapid changes in 
particle size and temperature during coal devolatilization at heating rates 
representative of high intensity combustion environments (on the order of 10’ Kls) . 

Friehaut and Proscia’ performed a detailed characterization 

Results from these investigations suggest that coal 
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The objective was to time and temperature resolve tar evolution and particle 
swelling that accompany devolatilization and thereby provide data needed to develop 
more accurate predictions of coal combustion behavior. 
reported along with a discussion of the implications for predicting coal 
devolatilization in combustion systems. 

Initial measurements are 

mERIMBNTAL 

Single coal or carbon particles were statically charged and captured in an 
electrodynamic balance (EDB). 
are published elsewhere.',' 
position and then heated radiatively from opposite sides by well characterized 
pulsed Nd:YAG laser beam of equal intensity. 
from 500 to 1200 W/m* giving rise to heating rates on the order of 10' K/s. 
Heating pulse times were varied from 3 to 10 ms. 
of air. 

Photographic records of the volatile evolution and particle swelling that accompany 
devolatilization were obtained using a high-speed 16 m movie camera which was 
operated at 5000 frames per second. Timing marks were recorded on the film to 
accurately determine the film speed and to mark the initiation of the heating pulse. 
As reported elsewhere," these movies provided excellent time resolution of the 
particle response including rotation and swelling, and definition of distinct stages 
of the devolatilization process such as heavy (condensible) volatile evolution. 

Changes in particle size and temperature that accompany rapid heating were measured 
using a novel imaging system and a single wavelength radiation pyrometer. 
imaging system was developed around a 16 x 62 element silicon photodiode array. 
Particles were backlit with a HeNe laser and a magnified shadow image was projected 
onto the detector array. 
output proportional to the particle cross-sectional area. 
beam splitter was placed in line between the focussing optic and the imaging system 
array to deflect part of the particle image onto a video camera detector. 
camera was employed to facilitate particle capture and positioning in the EDB. 

The radiant power emitted from hot particles was measured using a single wavelength 
optical pyrometer which was filtered to provide a 100 nm bandpass centered at 1."5 
pn wavelength. 
particle size measurements by employing a set of dichroic beam splitters to separate 
the HeNe backlight laser from the near infra-red radiation required for the 
pyrometer. 
size and radiant emission intensity with application of the Wien approximation to 
Plank's law. Emissivities used in these calculations were estimated based on 
measurements' and on available literature." 
system including pyrometer calibration, data analysis and associated measurement 
errors are published elsewhere.' 
in Figure 1. 

Analog outputs from the imaging system, the pyrometer and a heating beam 
synchronization pulse were acquired using a Data Translation DT2828 interface card 
in an AT compatible PC. 
a framing rate of 5000 per second was achieved, and continued at a rate of 10 kHz 
per channel for a period of 50 m8. Heating pulses were initiated 15.5 ms after 
initiation of data acquisition. Measurements were made on individual particles,of 
Spherocarb (Foxboro, Analabs), a spherical, microporous molecular sieve carbon and 
PSOC 1451D a HVA Pittsburgh seam bituminous coal. Ultimate analysis for the carbon 
sample yielded 95.2 percent carbon, 0.4 percent hydrogen, and 0.7 percent nitrogen. 

Details of the design and operation of the EDB system 
The captured particles were balanced at the EDB null 

Delivered energy fluxes were varied 

The ambient gas was 1 atmosphere 

The 

The full array was scanned at 6300 Hz yielding an analog 
A 7 percent reflecting 

The video 

These measurements were made along the same line of sight as the 

Particle temperatures were determined based on measurements of particle 

Details of the temperature measurement 

A schematic of the measurement system is provided 

Data acquisition was triggered from the movie camera, when 
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Ultimate ana lys i s  of  t h e  coa l  yielded 83.3 percent carbon, 5 . 4  percent hydrogen, and 
1 . 6  percent n i t rogen  on a dry ash f r e e  basis .  

ANALYSIS 

Measured temperature h i s t o r i e s  were compared with t h e o r e t i c a l  es t imates  of t h e  
temperature response of rad ia t ive ly  heated p a r t i c l e s .  
modeled assuming t h a t  p a r t i c l e s  were spherical ,  heat flow was i n  t h e  r a d i a l  
d i rec t ion  only, and t h e  incident  heat ing pulses were absorbed and d i s t r i b u t e d  
uniformly a t  t h e  p a r t i c l e  surface.  Under these assumptions, t h e  t r a n s i e n t  
temperature d i s t r i b u t i o n  i n  t h e  p a r t i c l e s  was obtained by so lu t ion  of t h e  Fourier 
equation f o r  a sphere:  

Temperature h i s t o r i e s  were 

where pp, C,, T, K, and r represent p a r t i c l e  densi ty ,  heat capaci ty ,  temperature, 
thermal conduct iv i ty  and radius ,  and t represents  time. In solving equation 1, t h e  
following boundary condi t ions were appl ied:  

(i) The i n i t i a l  condi t ion a t  t = 0 :  

T ( r , O )  - T, O < r c R  (2)  

(ii) The syrmnetry condi t ion a t  the center  r = 0: 

(iii) The energy de l ivered  a t  t h e  sur face  r = R: 

where a, I, h, 0 and E represent  p a r t i c l e  absorp t iv i ty ,  inc ident  rad ia t ion  f lux,  
neat t r a n s r e r  c o e r r i c i e n t ,  Stefan-Boltzman constant and p a r t i c l e  emissivi ty  
respect ively.  
environment. 

Equation 1 was solved numerically using an impl ic i t  Crank-Nicholson scheme. 
Calculations were performed using t h e  Merrick model“ t o  es t imate  p a r t i c l e  heat 
capac i t ies .  
coals  and chars  of Badzioch and coworkers.” 
p a r t i c l e  sur face  was ca lcu la ted  assuming a Nusselt number of 2 .  
performed employing both a constant p a r t i c l e  size assumption and using t h e  measured 
p a r t i c l e  size h i s t o r y  as  input t o  the  model. 

The subscr ip ts  s and oo denote t h e  p a r t i c l e  surface and ambient 

Thermal conduct ivi t ies  were estimated using the  temperature data  f o r  
The heat t r a n s f e r  coef f ic ien t  a t  the  

Calculations were 

RESULTS 

Experiments were conducted with carbon spheres t o  evaluate  t h e  c a p a b i l i t i e s  of t h e  
measurement system and t o  t e s t  the v a l i d i t y  of t h e  heat t r a n s f e r  ana lys i s .  
experience wi th  Spherocarb p a r t i c l e s  indicated s u f f i c i e n t  temperature measurement 
accuracy and response t o  enable heat capaci ty  measurements of individual  p a r t i c l e s  
i n  the EDB system.’ 
d i f fe ren t  Spherocarb p a r t i c l e s  argf j resented i n  Fig. 2 .  Heating pulse  i n t e n s i t i e s  

Previous 

Temperature t r a c e s  for  r e p l i c a t e  experiments w i t h  th ree  



I 

f o r  the three  experiments var ied from 1100 t o  1160 W/m2 with p a r t i c l e  diameters 
ranging from 135 t o  140 pun. The temperatures reported were determined using t h e  
pyrometer output and t h e  measured p a r t i c l e  s i z e  data  assuming a p a r t i c l e  emissivi ty  
of 0.85. 
s imilar  with less than 50 K deviat ion a t  any given time during t h e  p a r t i c l e  heat up. 
The temperature h i s t o r i e s  showed a s teady rise from 850 K (low temperature l imi t  of 
pyrometer) up t o  a temperature around 1200 K and then exhibi ted a marked decrease i n  
the  r a t e  of temperature rise a t  about 6.5 ms i n t o  t h e  heat ing pulse .  
the  corresponding high speed movie records indicated t h a t  each of t h e  p a r t i c l e s  
passed through a p l a s t i c  t r a n s i t i o n  during heat  up and showed c l e a r  s igns  of 
v o l a t i l e  evolut ion and fragmentation from t h e  surface.  
heating r a t e  coincided with t h e  i n i t i a t i o n  of v o l a t i l e  evolut ion and p a r t i c l e  
fragmentation. 

The s o l i d  l i n e  i n  Fig. 2 represents  t h e  calculated temperature h i s t o r y  a t  t h e  
surface of a 135 p p a r t i c l e  exposed t o  an incident  f lux  of 1160 W/cm’. 
agreement was obtained between temperature measurements and predic t ions  with l e s s  
than 50 K temperature d i f fe rence  being observed over t h e  f i r s t  6.5 ms of p a r t i c l e  
heating. Beyond 6.5 ms the  model predict ions exceeded t h e  measured temperature 
r i s e .  Possible  causes f o r  t h e  marked decl ine i n  t h e  observed p a r t i c l e  heat ing r a t e  
and the corresponding deviat ion from t h e  predicted temperature rise include; a )  
thermochemical or thermophysical heat requirements which may be associated with 
v o l a t i l e  evolut ion and p a r t i c l e  fragmentation, but were not accounted f o r  i n  t h e  
calculat ions;  b) a t tenuat ion  of t h e  p a r t i c l e  emission due t o  t h e  presence of t h e  
v o l a t i l e  aerosol  cloud and/or small p a r t i c l e  fragments; and, c )  a t tenuat ion  of the  
heating pulse  due t o  t h e  presence of t h e  v o l a t i l e  cloud or p a r t i c l e  fragments around 
the p a r t i c l e .  Ef for t s  a r e  i n  progress t o  resolve t h i s  i s sue .  The data  shown i n  
Fig. 2 a r e  t y p i c a l  i n  terms of measurement reproducib i l i ty  and agreement between 
model predict ions and measurements f o r  experiments conducted over a range of 
Spherocarb p a r t i c l e  sizes (125 t o  150 pan) and incident  heat f luxes (500 t o  1200 

Measured temperature h i s t o r i e s  from s i x  independent experiments with PSOC 1451D coal  
a re  presented i n  Fig. 3. I n i t i a l  p a r t i c l e  diameters f o r  these  experiments ranged 
from 110 t o  127 pan , with heating pulse  i n t e n s i t i e s  and times varying from 1040 t o  
1100 W/cm’ and 3 t o  10 ms respect ively.  The temperatures reported represent  d a t a  
col lected before  t h e  p a r t i c l e s  began t o  move out of the  measurement f o c a l  volume. 
The s ix  data  s e t s ,  recorded a t  e s s e n t i a l l y  i d e n t i c a l  heat input r a t e s ,  but f o r  
d i f fe ren t  heat ing times, i l l u s t r a t e  t h a t  t h e  temperature rise was very s imi la r  i n  
each case. 
t o  a temperature around 1400 K. For t h e  p a r t i c l e s  t h a t  remained i n  t h e  detect ion 
volume through t h e  durat ion of the heat ing pulse, t h e  temperature remained a t  a 
plateau value near 1400 K f o r  the l a s t  several  ms of heat ing.  
corresponding high speed movies showed ro ta t ion  of p a r t i c l e s  beginning between 1 . 6  
and 1.8 m s  i n t o  t h e  heat ing pulse a t  measured surface temperatures around 900 K .  
Similar observat ions of p a r t i c l e  r o t a t i o n  were reported previously by Phuoc and 
Maloney” and a r e  most l i k e l y  associated w i t h  the  incept ion of l i g h t  (non- 
condensible) v o l a t i l e  evolut ion.  Between 3 and 4 m s  i n t o  t h e  heating pulse ,  the 
f i r s t  ind ica t ions  of a condensed v o l a t i l e  cloud were observed around t h e  p a r t i c l e s ,  
afterwhich in tense  v o l a t i l e  evolut ion proceeded. 
h i s t o r i e s  showing the  swelling behavior of th ree  p a r t i c l e s .  
with three of t h e  temperature records shown i n  Fig.’3. 
p a r t i c l e  swel l ing occurred between 3 and 5 ms w i t h  t h e  maximum swell ing values 
varying from 10 t o  30 percent for  t h e  p a r t i c l e s  s tudied.  
of heating, i n  t h e  longer pulse  time experiments, t h e  measured temperatures remained 
f a i r l y  constant a t  about 1400 K .  
behavior i s  r e a l  or t h e  r e s u l t  of in te r fe rence  from t h e  v o l a t i l e  cloud t h a t  forms 
around the  p a r t i c l e  during t h e l a t t e r  s tages  of devola t i l i za t ion .  This matter i s  

The measured temperature h i s t o r i e s  f o r  t h e  three  p a r t i c l e s  were a l l  very 

Analysis of 

The observed change i n  

Excellent 

W/Cm’). 

The data  ind ica te  an i n i t i a l  heating r a t e  on t h e  order  of 2.5 x 10’ K/s 

Analysis of the  

Figure 4 i l l u s t r a t e s  p a r t i c l e  s i z e  
These data  correspond 

Most of t h e  observed 

During t h e  l a s t  5 or 6 m s  

A t  t h e  present t i m e  it i s  not c l e a r  i f  t h i s  
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t h e  subject  of an ongoing inves t iga t ion .  The discussion below, therefore ,  i s  
l imited t o  t h e  f i r s t  4 ms of t h e  p a r t i c l e  heat up u n t i l  t h i s  i s s u e  can be resolved. 
It should be noted t h a t  in tense  v o l a t i l e  evolut ion continued during t h e  l a s t  half 
and f o r  s e v e r a l  ms beyond t h e  completion of t h e  heating pulse  i n  t h e  10  ms duration 
experiments. 

Comparisons of one of  t h e  temperature records presented i n  Fig. 3 with temperature 
h is tory  pred ic t ions  based on t h e  heat t r a n s f e r  ana lys i s  descr ibed above a r e  
presented i n  Fig.  5 .  The base case f o r  t h e  ana lys i s  included an i n i t i a l  coa l  
densi ty  of  1.2 g/an', and p a r t i c l e  emissivi ty  and absorp t iv i ty  of 0 .8 .  The base 
case ana lys i s  gave poor agreement with the  measured temperature h i s t o r i e s  using t h e  
same coal  property c o r r e l a t i o n s  and i n i t i a l  assumptions t h a t  gave good agreement f o r  
t h e  carbon spheres hea t ing  under s imi la r  incident  heat f l u x  condi t ions.  
comparison was made assuming an emissivi ty  of one f o r  t h e  coal  p a r t i c l e s .  
i n  Fig. 5 t h i s  modif icat ion did improve the agreement between t h e  pred ic ted  
temperature r i s e  and t h e  measurements, however, t h e  agreement was s t i l l  poor when 
compared with t h e  r e s u l t s  obtained f o r  carbon spheres. The comparisons i n  Fig. 5 
have s i g n i f i c a n t  implicat ions because they suggest t h a t  t h e  coal  p a r t i c l e s  heated 
much f a s t e r  than  predic ted  based on commonly employed approaches t o  modeling heat 
t ransfer  using assumptions rout inely appl ied t o  coal .  Fletcher '  recent ly  reported 

: that  the  same coa l  s tud ied  here heated as much a s  40 percent f a s t e r  i n  an entrained 
flow reac tor  than  predic ted  using a f a i r l y  comprehensive heat  t r a n s f e r  analysis .  
used a "corrected" c h a r a c t e r i s t i c  heat t r a n s f e r  time t o  obtain good agreement 
between model pred ic t ions  and p a r t i c l e  temperature measurements. The r e s u l t s  
presented i n  Fig.  5 a r e  s imi la r  t o  Fletchers  observations and suggest s ign i f icant  
errors  i n  t h e  assumed p a r t i c l e  proper t ies  or model assumptions because, even when 
assuming a l l  of  t h e  inc ident  energy was absorbed by the  p a r t i c l e ,  t h e  measured 
temperature rise g r e a t l y  exceeded t h e  model predict ions.  
one or more of t h e  following; a )  s ign i f icant  temperature grad ien ts  ex is ted  i n  t h e  
par t ic le ,  i . e .  assumed thermal conduct ivi t ies  f o r  t h e  coa l  were too high; b) assumed 
p a r t i c l e  thermal mass was too  high, i . e .  p a r t i c l e  densi ty  and/or heat capaci ty  were 
overestimated; and, c )  t h e  spherical  p a r t i c l e  assumption was inadequate t o  model 
heat t r a n s f e r  f o r  c o a l  p a r t i c l e s ,  i . e .  surface t o  mass r a t i o s  f o r  coa l  p a r t i c l e s  
s ign i f icant ly  exceed t h a t  of a sphere. 

Additional ca lcu la t ions  were performed t o  evaluate  the  s e n s i t i v i t y  of temperature 
h is tory  pred ic t ions  t o  changing p a r t i c l e  propert ies  such as heat capaci ty  and 
thermal. condnct.i.vit.v. S n m ~  i m n r o v n m n n t -  w n r o  (?h+=j-eA EC.':~ ---A: ------- -+: "..I --- 
r 'elative t o  t h e  measurements when lower heat capaci ty  and thermal conduct ivi t ies  
were employed i n  t h e  ana lys i s .  
between measurement and predict ion i f  coal  property values were held within a range 
t h a t  is genera l ly  accepted.  Additional improvements i n  t h e  model pred ic t ions  might 
be obtained if mass 103s during p a r t i c l e  heat up were accounted f o r  i n  t h e  p a r t i c l e  
energy balance. No attempt was made t o  do so, however, because there  was no 
evidence of s i g n i f i c a n t  mass l o s s  from the  coal  p a r t i c l e s  during t h e  f i r s t  3 t o  4 ms 
of p a r t i c l e  heat ing.  
the  energy balance due to  p a r t i c l e  oxidat ion.  
concluded t h a t  heat re lease  due t o  oxidat ion during the i n i t i a l  4 m s  of p a r t i c l e  
heating was i n s i g n i f i c a n t  and should have l i t t l e  inf luence on t h e  observed p a r t i c l e  
temperatures. This conclusion i s  supported by o ther  evidence a s  well because, i f  
the  high heat ing r a t e s  observed resu l ted  from oxidation t h e  associated heat re lease  
would lead  t o  p a r t i c l e  i g n i t i o n .  No evidence of p a r t i c l e  i g n i t i o n  was observed and 
following the  hea t ing  pulse ,  t h e  p a r t i c l e s  were observed t o  cool  rapidly.  

An a l t e r n a t i v e  explanat ion for  the  high heating r a t e s  observed i n  t h e  experiments 
a r i ses  from t h e  i r r e g u l a r  shape of t h e  coal  p a r t i c l e s .  
coa l  behavior, t h e  heat  t r a n s f e r  ana lys i s  was based on an assumption of spher ica l  
p a r t i c l e  shape. 

A second 
A s  shown 

He 

This observat ion implies 

However, there  were s t i l l  s i g n i f i c a n t  differences 

Attempts were made t o  es t imate  t h e  r e l a t i v e  contr ibut ion t o  
Based on these  ca lcu la t ions  it was 

As i s  t y p i c a l  when modeling 

This analysis  gave good agreement with experiments performed on 
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spherical particles. 
analysis and irregular shaped particles may not be dealt with adequately. 
example, a cube has a mass per unit surface area approximately 40 percent less than 
a sphere of equivalent surface area. 
energy balance and could account for some of the errors in the predicted particle 
heating rate. 

The mass per unit surface area is an important factor in the 
For 

This may have a significant impact on the 

CONCLUSION 

A novel imaging system was developed and applied to study changes in coal particle 
size and temperature during the early stages of devolatilization at heating rates . 
representative of high intensity combustion processes. Based on these measurements, 
it is concluded that coal particles heat significantly (on the order of 50 percent) 
faster than is predicted using commonly employed approaches to model heat transfer. 
Potential causes for the differences between measured and predicted temperature 
histories include inadequate understanding of the temperature dependence of relevant 
coal thermodynamic and heat transfer properties and failure to account for particle 
shape factors. Regardless of the cause, heat transfer analyses employing spherical 
particle assumptions and widely accepted coal property correlations may yield 
significant errors in temperature histories and corresponding errors in the 
associated devolatilization time scales. 
some of these issues. 

Efforts are now in progress to address 
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Figure 1.  Diagram of EDB Measurement System 
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Figure 2 .  Comparison of Measured Temperature Aistories and 
Model Predictions for Carbon Spheres 
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Figure 4 .  Measured Particle S i z e  Ristories for Three Coal Particles 
at Similar Incident Heat Plur Conditions. 
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Pigure 5 .  Comparisons of Measured and Predicted Temperature aistories 
for a Coal Particle as a Punction of Asaumed Particle Emissivity. 
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